I N T R O D U C T I O N
The processes involved in visual selection and search have been classically segmented into perceptual and motor components that correspond to posterior visual and anterior motor or visuomotor areas (Desimone and Duncan 1995; Posner and Peterson 1990; Treisman 1996) . This segregation has recently been challenged by neurophysiological recordings in the frontal eye fields (FEFs) of the macaque monkey (Bichot and Schall 1999; Schall 1997; Schall and Hanes 1993; Schall et al. 1995) , an area traditionally associated with oculomotor responses (Schiller and Chou 1998; Tehovnik et al. 2000) . It is now known, for example, that FEF responses are consistent with a sensory contribution to visual selection in addition to and independent of its role in eye movements (Bichot and Schall 1999; Blanke et al. 1999; Schall 1997; Schall and Hanes 1993; Schall et al. 1995; Thompson et al. 1997 ). This electrophysiological work on nonhuman primates has not been matched by any lesion experiments or by any evidence that human FEFs are important for visual selection in the absence of eye movements (Paus 1996; Rivaud et al. 1994; Ro et al. 1999; Thickbroom et al. 1996; Tobler and Muri 2002) . A recent exception is the demonstration that human FEFs are important for preparatory vision in a modified Posner paradigm (Grosbras and Paus 2002) .
The challenge set by the recent neurophysiological work is that, in FEFs, "the visual selection process may be an explicit interpretation of the image and not an obligatory saccade command" (Murthy et al. 2001) . To examine this claim, we tested subjects on visual search tasks and interfered with the normal functioning of FEFs by applying repetitive transcranial magnetic stimulation (rTMS) to the FEFs during the tasks. The presentation of the search stimuli was brief enough to ensure that subjects could not saccade to elements in the array, and eye fixation was monitored. Thus saccades were neither required nor useful in the task (Fig. 1A) . To allow comparison with the neurophysiological studies, three tasks were used: a feature task in which the targets and distracters were always the same; a feature task in which targets and distracters were interchangeable from trial to trial; and a conjunction search task (see Fig. 1B ).
M E T H O D S

Pilot study
Prior to the main experiment, a pilot study was carried out to establish that TMS (10 Hz, 500 ms at 65% of stimulator output-see TMS) delivered to the FEFs would result in an elevated reaction time on a visual conjunction search paradigm. Reaction times were chosen as the dependent variable because they have been a reliable guide in previous experiments (e.g., Ashbridge et al. 1997; Walsh et al. 1998a ). This employed a design similar to that which has previously shown disruption of visual search reaction time due to posterior parietal TMS (e.g., Walsh et al. 1998a ). Briefly, a large, 20°ϫ 20°, array containing sixteen 2°ϫ 2°array elements was presented, and subjects had to make a target present/absent response. 
Main study
On the basis of the pilot procedure, the main study, described here, was carried out using only right hemisphere TMS to clarify the role of FEFs in visual search performance. For the main study, controls sites for TMS of vertex and V5 were used. Right V5, rather than left FEFs, was chosen because this represents a more stringent control than left FEF stimulation, which we established was unlikely to affect search in the pilot experiment. Furthermore, V5 is part of the visual system at a similar hierarchical level to FEFs (Barone et al. 2000; Bullier 2001 ) and thus provides a control for nonspecific disruption of the visual system by TMS. This would not be the case for left FEF stimulation both because of the limited amount of TMS data relating to this area in tasks other than those investigating saccades and because it seems that the right hemisphere may contribute more to performance of conjunction search tasks than the left hemisphere (see Pilot study).
Subjects
Five subjects (4 male, 1 female), 24 -32 yr old and all right-handed, were recruited from the Department of Experimental Psychology, University of Oxford. All gave informed consent before taking part in the study. The study was approved by the Oxford Research Ethics Committee (OXREC), and exclusion criteria conforming to current guidelines for rTMS research were applied (Wassermann et al. 1998 ). All subjects had previous experience participating in TMS experiments.
Equipment
Tasks were presented on a 17Љ VDU with a refresh rate of 100 Hz. Subjects were seated 57 cm from the screen and were restricted by a head and chin rest. Stimuli, responses, and TMS triggering were generated and measured by E-Prime software running on an IBM compatible Pentium IV computer. Stimulus arrays (see Fig. 1 ) subtended 2°ϫ 2°of visual angle. All subjects were tested on all tasks, and TMS conditions and the time-course of a trial are illustrated in Fig. 1 . The probability of a target being present was 50%, and subjects made a target present/target absent decision via a keyboard response. The duration of the array presentation was individually determined for each subject by adopting a staircase procedure in which the duration of the stimulus was varied by one screen refresh (10 ms) until a performance level of 75% correct was reached. The mean threshold was 93 Ϯ 12 (SE) ms (range, 50 -180 ms). The experiment began with a block of 60 trials to verify the threshold level of performance. Accuracy, rather than speed, was emphasized to the subjects in the instructions.
TMS
TMS was delivered by a Magstim 200 Super Rapid Stimulator at 10 Hz for 500 ms at 65% of stimulator output beginning at the onset of the search array. This stimulus intensity was chosen because it was greater than the motor threshold in all subjects, but when applied to V5, did not produce phosphenes that obscured the stimuli. Intensity was not related to motor threshold because it has been shown that motor thresholds cannot be assumed to be a guide to visual cortex excitability (Stewart et al. 2001) . Stimulation was delivered using a 50-mm figure-of-eight coil placed over the right FEFs, the vertex, or visual area V5 in the right hemisphere for one block of 60 trials at each site. For all sites, the coil was held anterior to the handle and was oriented parallel to the sagittal midline. For V5 stimulation, the coil was held ventral to the handle. The vertex was chosen as a control site for nonspecific effects of TMS such as acoustic and somatosensory artifacts, and area V5 in the right hemisphere was chosen as control for nonspecific effects of stimulating the visual system per se. The order of stimulation blocks was counterbalanced across subjects. For details of site localization, see Fig. 2 .
Eye movement monitoring
To ensure that subjects' eye movements could not account for the results, we monitored fixation using a differential limbus reflection technique via infrared light transducers from a Skalar IRIS 6500 system headset mounted on a chin rest such that eye movements could be recorded while subjects viewed the stimulus monitor. Signals were sampled at a rate of 1,000 Hz by an analog-to-digital converter card (type PCM-DAS 16d/12, Computerboards) and recorded using DASYlab 5 software on an IBM compatible PC.
Data analysis and statistics
Performance was measured using signal detection analysis to calculate dЈ values. This approach, rather than using response times as a dependant variable, was chosen for two main reasons. First, use of dЈ allows for more direct comparison with data from the primate single unit recording literature that motivated this experiment. Second, measurement of response times in TMS experiments can sometimes be made more difficult by the acoustic artifacts associated with TMS delivery. These can sometimes cause reduced response times (putative enhancements) and lead to difficulties in data interpretation.
Changes in dЈ due to TMS were analyzed by MANOVA with TMS site (or no TMS) and task as factors. Post hoc planned comparisons were made with t-tests corrected for multiple comparisons.
R E S U L T S
There was a significant effect on task performance when TMS was delivered over FEFs [F(2) ϭ 5.011, P ϭ 0.026]. This effect was shown to be a dЈ decrease in the conjunction task relative to the constant feature task (mean difference 1.02; 95% CI, 0.17, 1.87; P ϭ 0.02). Comparisons between TMS sites using the method of least significant difference showed a significant dЈ decrease with FEF stimulation compared with all other conditions in the conjunction task (TMS over FEFs vs. no TMS: mean difference 0.47; 95% CI, 0.02, 0.92; P ϭ 0.044; FEFs vs. vertex: mean difference 0.649; 95% CI, 0.44, 0.86; P ϭ 0.001; FEFs vs. V5: mean difference 0.44; 95% CI, 0.10, 0.79; P ϭ 0.024). There were no differences between no TMS, vertex, and V5 TMS. In the interleaved feature task, the dЈ decrement seen when TMS was delivered over FEFs approached significance compared with the constant feature task (mean difference 0.80; 95% CI, -0.05, 1.65; P ϭ 0.056). No difference in blinks or eye movements was associated with TMS at any site, and they rarely occurred during trials.
Log ␤ (a measure of bias calculated from the target detection rate and false alarm rate) showed that, in the conjunction task, subjects were biased toward making target absent responses in no TMS trials (value: 1.35) as well as in TMS conditions (vertex, 1.77; FEFs, 0.91; V5, 1.59) . However, comparison of the three TMS conditions indicated a significant reduction in bias with FEF stimulation (2-tailed paired Student's t-test: FEFs vs. V5; t(4) ϭ 8.43, P ϭ 0.001; FEFs vs. vertex; t(4) ϭ 3.26, P ϭ 0.031). Bias values were lower for both the simple feature task (values: no TMS, 0.16; vertex, 0.69; FEFs, 0.80; V5, 0.86) and the interleaved task (values: no TMS, 0.11; vertex, 0.46; FEFs, -0.15; V5, 0.59), but no significant differences between the effects of the stimulation sites were seen.
D I S C U S S I O N
When rTMS was applied to the FEFs, performance was unaffected on the simple feature task but significantly impaired on the conjunction task (Fig. 1C) . Detectabilty in the interleaved feature task was intermediate. Control stimulations over area V5/MT and over the vertex had no effect on any of the tasks and therefore confirmed that the results of FEF stimulation were specific to that site and not caused by acoustic or somatosensory artifacts. The effects were not a simple feature of task difficulty since the presentation durations of the stimuli were titrated to equate performance across tasks.
These results show that the human FEFs are essential for normal visual search performance in the absence of the requirement for eye movements. The absence of a FEF effect on the simple feature search is not surprising since the high saliency and predictability of feature targets is detectable with redundancy in several visual areas (Greenlee et al. 2002) , many of which are connected with FEFs (Bullier 2001; Bullier et al. 1996) . The modulation of performance in the conjunction task is consistent with neuronal recording evidence that has implicated FEFs in forming a saliency map during tasks that present complex visual scenes (Thompson et al. 1997 .
A breakdown of the response changes contributing to a decrease in dЈ values with TMS shows that magnetic stimulation caused subjects to make significantly more false positive responses at the expense of correct rejections, without a change in target hit rate (mean false alarm rate: vertex, 2.67%; FEFs, 10.67%; mean hit rate: vertex, 56%; FEF, 52%). This is reminiscent of the errors made on such tasks by patients with damage to the posterior parietal cortex (PPC) who report conjunctions that are illusory (Friedman-Hill et al. 1995) . The pattern of errors also suggests that the change is a result of reduced ability to process array items rather than an inability to covertly "search" the array, which would likely result in targets being missed, rather than causing more false alarms.
These data prompt a consideration of the interesting similarities between FEFs and PPC: both areas lie at the crossroads of visual and motor processing; both are commonly associated with loosely-defined roles in fronto-parietal networks that are important for visual search (e.g., Corbetta et al. 1995; Wojciulik and Kanwisher 1999) ; and both areas have been associated with eye movements, spatial attention, motor responses, and visual saliency. There are, however, some important differ- FIG. 2. Site localization. The vertex was defined as a point midway between the inion and the nasion and equidistant from the left and right intertrachial notches. V5 was initially localized by scalp coordinates that yielded motion deficits in previous studies (Campana et al. 2002; Walsh et al. 1998b) and verified by eliciting moving phosphenes from the site (Stewart et al. 1999) . The frontal eye fields magnetic stimulation sites were localized using the Brainsight TMS-MRI co-registration system (Rogue Research, Montreal, Canada). FEFs localization began with stimulation 4 cm anterior to the optimal site for eliciting activity in the first dorsal interosseus (FDI) muscle of the left hand (Paus 1996) and proceeded by co-registering each subject's structural MRI scan with the location of the coil. The location of the center of the coil with respect to the cortex is illustrated. FEF transcranial magnetic stimulation (TMS) stimulation sites were all found to be in the area previously described as the FEFs (Paus 1996) and further confirmed by conversion of the coordinates of the stimulated sites to MNI Tailarach space. This showed an average stimulation location of 33 Ϯ 3.0, 0 Ϯ 5.1, and 65 Ϯ 1.8 (SE) compared with coordinates of 30, 6, and 60 (the MNI coordinate equivalent of mean FEF Tailarach coordinates as reviewed by Paus (1996) ).
ences. The trend toward an effect in the alternating feature search (Fig. 1, Bii and Cii) , and the physiological evidence, may be suggestive of a role for FEFs in visual feature priming (Bichot and Schall 1999) , a function for which the PPC is not required (Campana et al. 2002) . A second difference lies in the motor responses to visual stimuli; whereas FEFs have been shown to encode visual information independently of saccade commands (Thompson et al. 1997) , there is no good evidence that PPC neurons encodes such information independently of affordances or action (Anderson and Buneo 2002; Milner and Goodale 1993; Platt and Glimcher 1999) ; rather, the contrary seems to be the case.
In concert with neurophysiological findings in nonhuman primates, these results establish that human FEF is important for visual selection in the absence of eye movements. The data also show that that FEF is more important when the visual target is less salient (cf. Fig. 1 , Ciii vs. Ci) and suggest this is the case when the target is less predictable (cf. Fig. 1 , Cii vs. Ci). The nature of the FEF effect-an increase in false positive responses reminiscent of parietal cortex damage-highlights the need for a greater understanding of the similarities and differences between the two visuomotor crossroads (PPC and FEF) in visual cognition and the importance of reciprocal constraints between psychologically and physiologically motivated theories (Schall 2002) . To pursue these issues, we are currently engaged in studies of the timing of FEF involvement (Schall et al. 1995) and of the effects of learning on the role of FEFs in visual search (Walsh et al. 1998a ). 
